Abstract: Many experimental studies have evaluated the in-plane behavior of reinforced concrete frames in order to understand mechanisms that resist progressive collapse. The effects of transverse beams, frames and slabs often are neglected due to their probable complexities. In the present study, an experimental and numerical assessment is performed to investigate the effects of transverse beams on the collapse behavior of reinforced concrete frames. Tests were undertaken on a 3/10-scale reinforced concrete sub-assemblage, consisting of a double-span beam and two end columns within the frame plane connected to a transverse frame at the middle joint. The specimen was placed under a monotonic vertical load to simulate the progressive collapse of the frame. Alternative load paths, mechanism of formation and development of cracks and major resistance mechanisms were compared with a two-dimensional scaled specimen without a transverse beam. The results demonstrate a general enhancement in resistance mechanisms with a considerable emphasis on the flexural capacity of the transverse beam. Additionally, the role of the transverse beam in restraining the rotation of the middle joint was evident, which in turn leads to more ductile behavior. A macro-model was also developed to further investigate progressive collapse in three dimensions. Along with the validated numerical model, a parametric study was undertaken to investigate the effects of the removed column location and beam section details on the progressive collapse behavior.
Introduction
The progressive collapse of structures due to natural and manmade disasters has been the main focus of many recent studies. For example, Sasani et al. (2007 Sasani et al. ( , 2008a Sasani et al. ( , b, 2011a made great efforts to investigate the collapse behavior of full-scale reinforced concrete (RC) structures. In all of these cases, compressive arch action in beams, Vierendeel action in beams and columns, and also catenary action in longitudinal reinforcements were identified as the main resistance mechanisms against progressive collapse. Yi et al. (2008) performed laboratory tests on an RC planar frame in which the static responses were examined under progressive collapse.
In many studies, in scenarios in which the middle column was removed, the structural responses of RC sub-assemblages, including double beams and triple columns, were considered as a basis for estimating the resistance of real structures. Su et al. (2009) evaluated the load-carrying capacity of RC sub-assemblages against progressive collapse. They tested 12 reduced-scale specimens where the beams were restrained longitudinally against axial deformation. The results indicated that compressive arch actions due to longitudinal restraint can significantly enhance the loadcarrying capacity of the beams. Sasani and Kropelnicki (2008) studied the behavior of a 3/8-scaled model of a continuous perimeter beam in a reinforced concrete frame structure following the removal of a supporting column. An experiment by Lew et al. (2011) examined the behavior of two full-scale RC sub-assemblages subjected to static loading under a middle column removal scenario. As with previous research, the resistance of sub-assemblages was based on arching and catenary actions. Tan (2011, 2013a, b) performed an experimental test on eight half-scale RC subassemblages under a middle column removal scenario. Yu and Tan (2014) also proposed special detailing techniques for RC sub-assemblages to improve structural resistance under the column removal scenario. Tsai and Huang (2015) tested the collapse resistance of six reinforced concrete sub-assemblages designed with different span-to-depth ratios and varied stirrup spacings under gravitational loading. Farhang Vesali et al. (2013) , Choi and Kim (2011) and Kim and Choi (2015) presented other notable studies that focused on the collapse behavior of RC sub-assemblages. Qian et al. (2014) investigated the contribution of secondary load-carrying mechanism, including transverse beams and membrane action of the slabs in RC assemblies. studied the three-dimensional (3D) effects on the progressive collapse behavior of RC frames. In addition to middle beam-column assemblies, extensive research by Li (2012a, b, 2015) investigated the behavior of RC frames under the loss of a corner column and quantified slab effects on the dynamic performance of RC frame subjected to the loss of column scenario.
In addition to experimental studies, other research has focused on analytical evaluations of RC sub-assemblages. Bao et al. (2014) performed a computational investigation of the middle beam-column assemblies and developed two types of models: detailed and reduced models. Bao et al. (2008) and Bao and Kunnath (2010) developed macromodel approaches to study the progressive collapse behavior of RC assemblies. Sasani et al. (2011b) introduced detailed models for modeling the bar fractures in RC frames under progressive collapse.
In most of the experimental and true-scale studies, little attention has been paid to the effects of transverse beams, and in particular, the additional resistance due to transverse members is not discussed. Hence, a 3D beam-column subassemblage is assessed experimentally in the present study. Investigating the roles of transverse beams in providing alternative load paths under the column removal scenario was the main purpose of the performed evaluation. In addition to the experiment, a finite macro element model is also developed using the open source platform, OPENSEES (2007) , to provide comprehensive insight into the experimental observations.
Test Program
To investigate the role of transverse beams, a 3D subassemblage including three columns, three beams and a middle column stub is tested in the present study. Due to the probable complexities, a 3/10-scaled specimen is used here. The 3D specimen is an extension of a planar (2D) subassemblage that was tested separately by Ahmadi et al. (2016) and the results will be used to provide a better understanding of the effects of the transverse beam. The 2D specimen includes two end columns, a middle column stub and two beams. To make a 3D specimen, a transverse frame consisting of a beam and an end column is added at the middle joint. The specimens were fastened to a displacement control point loaded above the column; the test continued until complete failure of the specimen. During testing, corresponding displacements and strains at predefined points and sections were measured and the formation of resistance mechanisms and failure modes were recorded.
Specimen Design
The specimens tested in the present study are scaled specimens of the full-scale sub-assemblage tested by Lew et al. (2011) . The full-scale assembly was selected from a 10-story office building, the design of which was based on an intermediate moment frame (IMF) system. Figure 1 shows the plan of the prototype building along with 2D and 3D specimens. The building was analyzed base on loads defined in ASCE7-02 (2002) and designed based on ACI codes and commentary ACI 318R-02 (2002) . The gravity and seismic load were defined based on information mentioned in Lew et al. (2011) and listed below: SDS: 0.291 g SD1: 0.182 g The selected sub-assemblages are parts of an exterior frame of axis 1 between axes B and D on the third floor, as seen in Fig. 1 . The first specimen was a 3/10-scale prototype model that was reported by Lew et al. (2011) as an IMF specimen (2D specimen). The specimen presented here is a 3D extension of that first specimen (Fig. 1) . Detailed characteristics of the scaled specimens are illustrated in Fig. 2 .
As shown in Fig. 2 , the upper and lower longitudinal beam reinforcements are anchored mechanically into exterior columns to simulate continuity in external beam-column joints. Given the short length of the specimens, there was no need to use splices in the beam reinforcements. Longitudinal column reinforcements are anchored by 90°hooks inside the foundations. To prevent structural slippage, each foundation is attached to the strong laboratory floor using four threaded rods. The tops of the columns were mechanically anchored to the main frame to restrict displacements at these points. Downward displacement and rotation of the tops of the columns remained unrestrained. Table 1 lists the characteristics of the prototype and scaled specimens. The difference in reinforcement percentage was caused by access restrictions to bars with characteristics similar to the prototype.
With regard to the scaling of the specimens, the maximum size of the aggregate for the concrete mix design was less than 10 mm. In the technical literature, it is assumed that the ratio of the maximum prototype to the model concrete aggregate is equal to the scale factor of the specimen. Nonetheless, the use of an aggregate with the maximum possible size is always recommended, such that the high relative tensile strength of the model concrete is minimized (Harris and Sabins 1999) .
The average compressive and tensile strengths of the concrete were 26 and 1.5 MPa, respectively. The yield and ultimate strengths of the beam and longitudinal column reinforcements were 530 and 650 MPa, respectively. The rupture strain of the reinforcement was 0.19, according to the reinforcement tensile tests.
Instrumentation
Layouts of the linear variable differential transformers (LVDTs) are illustrated in Fig. 3 . Vertical and horizontal displacements at critical points in the specimen were measured during loading.
Arrangements of the strain gauges on the steel bars are shown in Fig. 4 . Thirty-four strain gauges were deployed at predefined locations to record the internal forces of the steel bars as well as different resistance mechanisms within the beams during the tests. The applied vertical force from a hydraulic jack was measured using a load cell. Figures 5a and 5b show the setup of the specimens. The experimental details for the 2D and 3D specimens are similar. To prevent the horizontal movement of the columns, two steel rollers were used to connect the tops of the columns to the main frame. Vertical movements of the columns were not restricted. Vertical load was applied at the middle joint using a hydraulic jack. A 10-mm-thick steel plate was used at the top of the middle column to transfer uniform loads to the middle column stub. A displacement control loading was applied using the hydraulic jack. Four steel channels (UPN 80) were attached to the main beam frame and the floor of the laboratory to prevent out-of-plane displacement. Vertical downward displacement of the middle column was applied in small increments of 5-10 mm. After each increment, the specimen and the instrumentations were checked, cracks were marked and photographs were taken.
Test Setup and Loading

Test Results
The present study focuses on the effects of transverse beams; therefore, the results of the 3D specimen are discussed in detail and only the differences with the planar subassemblage are highlighted. The specimens were exposed to monotonic downward vertical displacement at the middle column stub until fractures occurred in the lower and upper bars of the beam. Maximum displacement of the middle column at the end of the test was 340 mm and the chord Table 1 Geometric properties of prototype and scaled specimens. rotation of the beam was 0.2 radians (11.46°). The failure of the specimen had the following characteristics: (1) flexural cracks developed at the joints interfaces; (2) the compressive concrete was crushed at the joint interfaces due to the extension of cracks within the upper part of the beams; and (3) fractures occurred in both the beam bottom bars next to the middle column stub and the beam top bars in the exterior beam column joints, in transverse and in-plane beams, respectively. Failure of the specimen was almost symmetrical until fractures occurred in the beam bottom bars. The failure then developed an asymmetrical configuration because of wide flexural cracks at fracture locations in the rebar. During the test, some inclined cracks developed in the joint panel, but no significant damage occurred. Figure 6 shows the fracture of bars in the 3D specimen.
Crack Patterns
Applying vertical downward displacement on the middle column led to the gradual formation of flexural cracks in the beams next to the joints interfaces. At a vertical displacement of 25 mm, corresponding to a vertical load of 29 kN, the flexural cracks widened and inclined cracks developed at the joint panel of the external beam-column connections. For a vertical displacement of 150 mm and vertical load of about 34 kN, the width of the main flexural cracks was measured at about 8 mm. By reaching a vertical displacement of 170 mm, concrete crushing in the areas of the beams subjected to high compression near the middle column and the bottom of the beams at both beam ends were observable. The development of tensile forces within the beams led to the extension of deep cracks at the reinforced cut-off sections. The cracks in the joint interfaces at the end of this stage are illustrated in Fig. 7 .
One of the lower bars of the south beam next to the middle joint fractured at a displacement of 276 mm, corresponding to a load of 53 kN. A second rupture occurred at the same place with a displacement of 300 mm and a vertical load of 51 kN. Fractures in the lower bars led to a crack opening in this location. Fractures in the upper bars accrued at the external joint in the transverse beam. Consequently, the upper bars in the south beam started to fracture with a displacement and load of 340 mm and 53 kN, respectively. The test was terminated following the development of this fracture due to the considerable drop in the load-carrying capacity. Figure 8 illustrates the crack patterns in the end columns at the end of the test. Figure 9 compares the crack patterns of 2D and 3D specimens. The crack patterns and overall behavior of the 3D specimen demonstrate a more symmetrical and ductile behavior during early stages of loading. Specimens with a transverse beam deflected symmetry are observed to have the same crack pattern in the south and north beams. In addition, the ductility and strength of the specimen were significantly increased because of the transverse beam capacity. On the other hand, the rotation of the middle joint was not restricted in the 2D frame. Flexural cracks were concentrated at the south interface of the beam and the column stub that caused fractures in the lower bars of the beam. Crack openings and bar fractures led to a sudden drop in the load carrying capacity of the 2D specimen.
Comparison of final crack pattern ( Fig. 10) shows that despite the general similarity, the number of cracks in the 2D specimen was considerably lower. Additionally, cracks in the 3D specimen were deeper, especially in the mid-span of the beams, which can be an indication of more axial tension in the beam during the final stages of loading.
Load-Displacement Curve
The vertical load versus vertical deflection of a middle column is depicted in Fig. 11 . In order to compare the general behavior of 2D and 3D specimens, the load-displacement curve of the 2D specimen is also shown. At a vertical displacement of 67 mm, which is equal to half of the beam depth, the load reached an initial peak of 38.2 kN. This point corresponds to the compressive arch action (CAA) capacity of the beams. With additional increments in the vertical displacement, the vertical load started to decrease, and continued to do so until a vertical displacement of 151 mm, which is approximately equal to the beam depth. Beyond this point, the development of tensile force in the beams led to increased vertical load capacity. This point is considered as the initiation of increasing the capacity due to catenary action (CA) mechanism of the in-plane frame.
Increasing displacement up to 276 mm increased the vertical load, resulting in the first fracture in the lower longitudinal bar in the beam with a vertical load of 53 kN. The first rebar fracture occurred at the location of the main crack in the south beam at the interface with the middle column stub. The second fracture in the beam's lower rebar occurred at the same place with a displacement and load of 297 mm and 51 kN, respectively. Finally, by increasing the displacement up to 340 mm, the upper bars at the external connection of the transverse beam were fractured. Consequently, one of the top bars at the end connection of the south beam was fractured and testing had to terminate due to a drastic drop in the load carrying capacity of the sub-assemblage. In Fig. 11 , the points on the longitudinal bar fractures are shown. Figure 12 shows images of the lower rebar fractures at the middle joint interface.
Loads and displacements at significant points are listed in Table 2 . Classifications of the different stages according to the resistance mechanisms are also represented ( Table 2) . The lower and upper reinforcement at the middle and end joint interfaces of the main (in-plane) frame yielded quickly during the initial loading steps. Yielding of the beam reinforcement created plastic hinges in the beams, which shows that flexural action had reached its capacity. Because of the 3D geometry of the specimen, the transverse beam is expected to gain plastic capacity with higher vertical displacements. Figure 13 demonstrates the strain in three tensile steel bars at the joint interfaces where the main flexural cracks are developed (sections B1, B6 and B14 in Fig. 4 ). According to this figure, tensile steel bars at the main frame joint interfaces yielded quickly during the initial stages of the test. The displacement and load corresponding to reinforcement yielding in the main frame were 16.9 mm and 23 kN, respectively. Tensile bars in the transverse beam yielded a displacement of about 30 mm, which is equal to a vertical load of 32 kN. Considering this point to be a plastic hinge mechanism of the sub-assemblage, the transverse beam enhanced the flexural capacity of a 3D specimen by up to 55 percent ( Table 2) .
The first peak in the load-displacement curve corresponds to the CAA capacity of the sub-assemblage. In comparison to the flexural capacity, arching action enhances the structural resistance by up to 19 percent. Comparison of 2D and 3D results demonstrated that CAA for a 2D frame enhances the structural resistance by about 36 percent over flexural capacity but in a 3D frame this increase is 19 percent. As mentioned above, the development of compressive forces enhances CAA capacity and the transverse beam in the 3D specimen does not have enough restriction at its ends for the development of an axial force and arching action. Indeed, the CAA capacity for both specimens had the same resistance elements and mechanisms. Large deflections and crack development at the depth of the beams led to the gradual elimination of compressive axial forces and the consequent reduction in the load carrying capacity of the specimen. The load capacity of the specimen up to a displacement of 151 mm and loading force of 33 kN decreased. Beyond this point, the vertical load increased because of the development of tensile forces in the beams. Table 3 shows the forces and displacements at critical points in the load-displacement curve. The nominal flexural capacity of the sub-assemblage was calculated based on conventional plastic mechanisms (Table 3 ). The experimental flexural capacity was greater than the calculated nominal flexural capacity. This is because of the development of compressive force in the beams, even at initial stages of loading.
In Table 3 , the capacity of catenary action has been calculated based on simple analysis proposed by Jian and Zheng (2014) , with some modifications. The free body diagram of the assemblage is presented in Fig. 14. Horizontal and vertical equilibrium equations for the beam axial force resulted in:
where T u is the tensile resistance of the beams, y CA is the middle joint vertical deflection that corresponds to CA capacity, and l 1 and l 2 are the effective spans of the main and transverse beams, respectively. In the technical literature, y CA is adopted as 10 % of the total two-bay beam span length of the main frame, which has been confirmed by several experiments. Hence, Eq. (1) can expressed as:
An examination of several structural 2D progressive collapse experiments shows that tensile resistance could be computed by considering only the upper reinforcing steel at the middle joint. The upper reinforcement of the transverse beam of the specimen in this study fractured during the final stage of loading. Consequently, the upper rebar of the main beam at the south end fractured and the load carrying capacity decreased. Hence, it is rational to consider the CA capacity while considering the top bars as only being resisting elements. Thus, Eq. (2) can be rewritten as:
As presented in Table 3 , there was little difference between the calculated values and the results obtained from the CA capacity tests for a 3D specimen. Fracture of the upper beam bars occurred at a value between yield and ultimate strength in response to the stress concentration at the middle and end joint interfaces and the effect of shear force on rebar under tension.
The load-displacement curves were identical for the 2D and 3D specimens up to a vertical displacement of 18 mm. Because the flexural and arching actions of the in-plane beams are dominant during this stage, this similarity is obvious. Numerical analyses in the next section demonstrate that within this stage, small axial forces were developed in the transverse beam. Generally, owing to the lack of axial restraint in the transverse beam, arching actions could not develop. Hence, flexural action is the dominant mechanism in the transverse frame. The flexural capacity of a transverse frame leads to higher resistance for 3D specimen events -in the post peak phase of the load-displacement curve (Fig. 11) . The area under the load-displacement curve for the 3D specimen is 1.9 times larger than the corresponding value for the 2D assembly.
Deflection Profile
The beam deflection profile of the 3D specimen during the different steps of the test is estimated with line between pairs of measurement points (Fig. 15) . Note that an almost symmetrical profile is achieved for the 3D specimen up to the fracture of the lower bars, which occurred with a vertical displacement of 276 mm. Beyond this point, the profile has an asymmetric configuration.
Strain Measurements
To analyze the internal forces in the beams and columns, 34 electrical resistance strain gauges were attached to the embedded reinforcing bars. The locations of the strain gauges are presented in Fig. 4 section, various structural mechanisms can be studied from strain measurements as was done for flexural actions. The strains of the upper bars at the mid-span of northern beam (ST. 28) and the lower bar at the cutoff section in southern beam (ST. 37) (Fig. 16a) show that, at displacements less than 150 mm, the strains in both the upper and lower bars were negative, indicating the development of compressive forces within the beams. At displacements between 150 and 220 mm, the strains in the reinforcement gradually changed from compression to tension. At vertical displacements greater than 220 mm, positive strain developed through all of the longitudinal bars, clearly indicating the development of catenary action within the beams. The reinforcement strains in the top and bottom rebars at section B11 at the transverse beam (Fig. 16b) show that the strains in the reinforcement in this section remained in the elastic range. In addition, tensile strain in the top and bottom rebars indicates the development of axial tension during the second half of the loading procedure.
The experimental results in the present study demonstrate the significant role of transverse frames in the redistribution of unbalanced loads resulting from a column removal scenario. With RC moment frames, a consideration of the redistribution of unbalanced loads in all directions leads to more economical and precise design.
Numerical Analysis
Numerical evaluation is performed to provide a more comprehensive insight into the collapse behaviors of the tested sub-assemblages. Large deformations in structural members under column removal scenarios increase the complexity of the analysis using finite element methods. Analyses of geometric and material nonlinearity, which structures experience during progressive collapse, are far beyond the typical conditions considered in the development of finite element platforms or conventional design codes.
Also severe cracking and bar fractures are not easily applicable in finite element simulations. The behavior of beamcolumn joints is neglected in typical software applications using beam and column elements. Non-elastic behavior in conventional analyses was limited to the flexural yielding of beams and columns, whereas experimental and analytical studies revealed the effects of connections in the general behavior of structural systems, especially during earthquakes or the progressive collapse of structures as investigated by Bao et al. (2014) , Lew et al. (2014) and Lowes and Altoontash (2003) . In the present study, the OPENSEES open-source platform is used to analyze the sub-assemblages affected by column removal scenarios.
Modeling Approach
Beams and columns were modeled using displacementbased beam-column fiber elements that could provide the desired nonlinear characteristics needed for progressive collapse analysis. Non-elastic behaviors of beam column connections were modeled using the 3D joint model introduced by Altoontash (2004) . Figure 17 shows the configuration of the joint element idealized as a parallelepipedshaped shear block. This joint model is constructed over six external nodes with each node located at the center of one of the parallelepiped faces. This model includes three rotational springs at the central node of the block used to model the shear behavior of a joint panel for three principal orthogonal planes. Further details can be found in Altoontash (2004) . The membrane2000 software by Bentz (2000) based on modified compression field theory (1986), was used to calculate the properties of the shear panel springs. The momentrotation relation for an in-plane shear panel of the tested specimen is plotted in Fig. 18 . To consider rotations of the joint interfaces due to bond slip and yielding of steel bars, a zero-length section element was used to attach the beams and columns to the joint block. Bar-slip formulation in the configuration of the bilinear steel material is used for zero length section elements to consider bar slip in joint interfaces. The bar fracture is considered by using maximum and minimum strain in reinforcing steel materials. Shear behavior of the beam-joint interface is modeled by zero length elements with the elastic material at the joint interface of beams. A uniaxial constitutive model with linear tension softening (concrete02) was used to model the concrete material. Reinforcement was modeled as reinforcing steel material from the software library by applying maximum and minimum strains for modeling the rebar fracture. The tests performed in the present study, along with the experimental tests in literature, were used to calibrate the numerical model.
Calibration of Modeling
No similar tests for calibrating a numerical model have been presented in the wide range of literature on the experimental study of progressive collapse that has been reviewed. Because of this deficiency, the tests performed in the present study, as well as the 2D full-scale laboratory tests by Lew et al. (2011) , have been used to calibrate the numerical models. Two specimens representative of Intermediate Moment Frames (IMF) and Special Moment Frames (SMF) were designed and tested under monotonic downward loading by Lew et al. (2011) . The IMF model specimen N1 is used for a parametric study in Sect. 4.4. The 2D and 3D specimens are the subject of the experimental work in this study. These specimens were identical in dimensions and detailing, but the 3D specimen had an additional transverse frame. The characteristics of these two specimens were identical and reported in the specimen detail in Sect. 2. Numerical and experimental load-displacement curves for the IMF and SMF specimens are plotted in Figs. 19a and  19b , respectively. The results of the numerical model, assuming end offsets and rigid connection behavior, are also presented. There is good agreement between the numerical and experimental results. Ignoring the connection behavior caused an up-to-30 % overestimation of the bearing capacity in the CAA capacity in the numerical model.
The numerical model of the 3D sub-assemblage that is tested in the present research is illustrated in Fig. 20 . The characteristics of the materials used in the numerical model were based on laboratory work. Figures 21a and 21b compare the numerical and experimental load-displacement curves of the 2D and 3D specimens, respectively, and indicates a general agreement between the results.
Investigation of Numerical Model Results
Horizontal displacements of in-plane end columns at the beam mid heights (Fig. 22) show that experimental and numerical results generally have good agreement, especially before bar fractures. In the last third parts of the curves, different failure mechanisms in the experimental and numerical models lead to differences in the results.
Figures 23a and 23b represent the axial forces versus vertical displacement of the middle joint for the main and transverse beams, respectively. According to the numerical results, axial compressive forces are in compression, increasing at the main beam up to a vertical displacement of 50 mm with a maximum value of 74 kN. At greater values of vertical displacement, these compressive forces start to decrease, and at a vertical displacement of 170 mm, change from compression to tension. Beyond this point, tensile forces are developed and they increase up to the end of the test. The development of tensile forces demonstrates the catenary mechanism in the sub-assemblage. Numerical results in Fig. 23b confirm that the amount of axial force in the transverse beam is significantly small during loading. The compressive axial forces of the transverse beam increase during the initial stages of the loading process, up to a vertical displacement of 32 mm. At greater displacements, the axial compressive forces start to decrease, and at a vertical displacement of 52 mm, the forces change from compression to tension. These tension forces continue to increase up to the end of the test. However, in spite of the same trends in the development of axial forces in both the main and transverse beams, the dominant mechanisms are different. The main resistance mechanism in the transverse beam is flexural action, whereas resistance in the main beams is based on different mechanisms, such as flexural, arching and catenary actions during the different steps of analysis.
To evaluate the role of the transverse beam in the redistribution of unbalanced loads under the column removal scenario, a separate analytical model of the transverse beam that simulates cantilever behavior was constructed and analyzed under free end loading. To improve the simulation and consider the effects of the middle column, the in-plane rotation of the free end is restricted and only its vertical displacement is allowed. The resulting load-displacement curve (Fig. 24) shows the considerable role played by the transverse beam in enhancing flexural action. Furthermore, the curve shows that the flexural capacity of the transverse beam increases up to a vertical displacement of 140 mm. This justifies the greater resistance and also the gentle drop in bearing capacity of the 3D sub-assemblage in comparison to the planar specimen.
Generally, the simulation results indicate that the introduced analytical model, along with the joint model and zero length elements, provide a reliable prediction of the structural behaviors of RC sub-assemblages under a column removal scenario. The introduced framework can be used to analyze RC frames with different geometric and boundary conditions and can also be used for 3D frames.
Parametric Study
To investigate the effects of column locations and beam geometry on the behavior of the substructure in the column removal scenario, six models were introduced and analyzed. The new models have characteristics similar to those of an IMF specimen (N1) while considering transverse beams (N2), different removed column locations (N3) and different beam geometry and reinforcement (N4-N6). The details of the models were presented in Table 4 .
In this study, the effects of transverse beams on the progressive collapse behavior of exterior frames were investigated. Interior columns have some probability of being targeted by a terrorist attacks or damage in a car accidents resulting in losing their load carrying capacity. Therefore, model N3 with two transverse frames for modeling interior column removal was analyzed. Figure 25a shows the loaddisplacement results of models N1-N3. The consideration of transverse frames significantly enhances the bearing capacity of the structure. It should be noted that, interior columns have larger gravitational loads. Therefore, the enhancement in load capacity of interior frames in comparison to exterior frames should be compared with their initial gravity loads in the removed columns.
The publication UFC 4-023-03 (2010) ''Design of buildings to resists progressive collapse'' increased gravitational loads for floor areas above a removed column. This code applies the following increased gravity load combination to those bays immediately adjacent to the removed element and at all floors above the removed element:
where G N is the increased gravity loads for the nonlinear static analysis, D the Dead load (kN/m 2 ), L the live load (kN/m 2 ), S the snow load (kN/m 2 ), and X N the dynamic increase factor for calculating deformation-controlled and force-controlled actions for nonlinear static analysis. Table 5 shows the CAA and CA capacity of the N2 and N3 models and the increased gravity loads for removed columns in these models. As seen, despite greater capacity in model N3, it has not resulted in a conservative safety factor for progressive collapse, especially in the CA stage.
Two optional methods for increasing progressive collapse resistance are: increasing the beam heights and adding longitudinal reinforcement to the exterior beams. In this study two models, N5 and N6, with 700 and 600 mm beam heights, respectively, were analyzed. The details of these models were identical to those of the IMF specimen (N1), which had a transverse beam; however, there were differences in the beam heights and modifying longitudinal reinforcement for satisfying minimum reinforcement percentages in the ACI code.
Based on the investigation performed by Yu and Tan (2014) , half of minimum reinforcements in the N4 model, which were defined by ACI 318, were added to the midheights of the exterior beams. In Fig. 25b , the load displacement response of N2, N4, N5 and N6 were plotted. Increasing the beam height significantly increases the 
Conclusions
This study has presented experimental and numerical evaluations of RC sub-assemblages under the column removal scenario, with the aim of considering the effects of transverse beams and frames. Additionally, various resistance mechanisms against progressive collapse and the failure modes of RC members were also discussed. To achieve these goals, a 3D RC sub-assemblage including a transverse beam was exposed to monotonic downward displacement of the middle joint and the results are compared to a corresponding planar specimen. The tested sub-assemblages were part of an exterior frame in a 10-story building. In addition, a numerical investigation of both 3D and planar assemblies was also performed. The results of this study are outlined below.
• Experimental observations demonstrate that the arching and catenary actions could not develop in a transverse beam due to insufficient axial restraint. In contrast, the flexural capacity of the sub-assemblage is enhanced because of the additional flexural resistance of the third beam. In addition, comparison of the 3D and planar specimens demonstrated that the transverse beam helps to achieve a more symmetric and ductile behavior within the main beams.
• The results also show that the enhancement of structural resistance due to the arching action, in comparison to flexural action, is about 19 %. In addition, ultimate arching action is achieved at a vertical displacement equal to half the beam depth. The change in the axial forces from compression to tension starts at a displacement equal to the beam depth at the middle joint. The enhancement due to catenary capacity in the end of the test is about 1.4 times the arching capacity. Similar conclusions have been reported in previous research, but with some differences in ratios.
• A numerical study of the sub-assemblages indicated that the proposed macro-based model could provide a reliable foundation for the analysis of progressive collapse in RC frames. Different resistance mechanisms in RC assemblies under the column removal scenario could be simulated using the proposed framework.
• Increases in beam heights significantly increase the beam action mechanisms of the substructures. However, an increase in beam heights leads to fracturing of longitudinal bars at early stages of loading and consequently decreases the catenary action of the sub-assemblage.
• Adding longitudinal reinforcement to the mid-height sections of the beam increases the catenary action of the substructure considerably without a change in model behavior at other stages.
Although an extensive study has been performed to understand the collapse behavior of RC assemblies, some aspects need further evaluation. The role of slabs in structural behavior and a consideration of the effects of an initial incident that triggers the progressive collapse are the main areas that should be addressed in the near future. 
